Over the past several years, mobile/wireless communications have evolved and proliferated a variety of technologies. Among those technologies, we focus on UMTS and Bluetooth because of their prominent and complementary features. While UMTS provides "universal connectivity," Bluetooth will be the most promising candidate technology to provide "ubiquitous connectivity." In this paper, we advocate that a hybrid architecture of UMTS and Bluetooth provides a "one-architecture-fits-all" paradigm for any wireless communications. We detail the proposed architecture in indoor environments, where UMTS-TDD is chosen for connecting Bluetooth piconets and scatternets. The key node in this architecture is a "hybrid device" equipped with both UMTS and Bluetooth interfaces. The performance of the architecture is evaluated by simulation experiments under different configurations.
Introduction
The last few years have seen revolutionary changes in the communication world. One trend has been the proliferation of mobile/wireless communication technologies, fuelled by the second-generation cellular networks. Another significant trend has been the rapid growth and wide diffusion of the Internet, which has led to the demand of global connectivity. Among the technologies that are likely to fulfill this demand, Bluetooth is expected to play a major role.
The second-generation cellular communication technologies have been geared to provide voice services and are not suitable for supporting Internet traffic. Moreover, these technologies are not universally compatible across all countries and among different cellular service providers. UMTS, the Universal Mobile Telecommunication System, is a third generation cellular technology that aims at overcoming these limitations by providing "universal connectivity" and support for Internet traffic. UMTS is expected to be widely diffused among users in the near future.
Bluetooth is a short-range, low power, and low cost technology, which is expected to be widely diffused in almost every electronic device. Thus, Bluetooth can provide "ubiquitous connectivity" among devices having a Bluetooth interface. One of the most important features of Bluetooth is "ad hoc network connectivity", by which Bluetooth devices can form a piconet (a basic single hop network of up to eight Bluetooth devices) and a scatternet (network of piconets). Due to these properties of "ad hoc network connectivity" and "ubiquitous connectivity," Bluetooth will fill up the limitations of UMTS and be an ideal complement to it.
From the standpoint of Bluetooth, its limited radio coverage range and the small number of devices in a piconet represent severe constraints in realizing pureBluetooth wireless network solutions. As the number of Bluetooth devices increases, the size of the scatternet increases; this leads to a larger number of hops between communicating Bluetooth devices and may cause the performance of the scatternet to degrade rapidly. Thus, there should be a limit on the size of a scatternet to be a practical wireless solution.
The network may be extended beyond a scatternet by using other radio technologies with higher coverage range to connect scatternets. Some possible solutions for such a network may be based on UMTS or 802.11. In this paper, we focus on UMTS as the enabling technology to extend Bluetooth-based scatternets. Each scatternet contains a Bluetooth-UMTS hybrid unit, which communicates with the Bluetooth devices in its piconet using its Bluetooth interface and connects to the UMTS TDD base station using the UMTS interface. The hybrid unit may typically be a UMTS cellphone (user equipment or UE), equipped with a Bluetooth interface too. Such a solution leads to a hierarchical structure, where UMTS serves as a backbone, connecting various Bluetooth scatternets.
This hierarchical solution can also be implemented using some other technology such as 802.11 in place of UMTS TDD. Our choice of UMTS as the enabling technology is based mainly on three reasons. Firstly, since UMTS is expected to be widely deployed, one can imagine UMTS TDD base stations to be present in indoor environments. Secondly, a solution based on the current 802.11b will cause interference with Bluetooth. Lastly, mobile users will typically have a Bluetooth or UMTS interface but not an 802.11 interface due to its high power requirements.
The rest of this paper is organized as follows. Section 2 describes technical aspects of UMTS and Bluetooth technologies. The proposed architecture and issues therein will be presented in Section 3. Numerical results in indoor environments are shown in Section 4. Section 5 concludes this paper.
Technical Overview

UMTS
UMTS is the third generation mobile communications system being standardized within the IMT-2000 framework. UMTS will build on and extend the current second generation cellular technology by providing enhanced capacity, support of data traffic and a greater variety of services.
There are mainly two air interface technologies for UMTS: UMTS-FDD and UMTS-TDD. UMTS-FDD relies on wideband-CDMA (W-CDMA) technology and will be deployed in outdoor macro-cellular or micro-cellular communication environments. UMTS-TDD adopts a combination of CDMA and TDMA technologies and will be deployed in indoor pico-cellular communication environments. It allows asymmetric radio resource allocation between uplink and downlink and higher bit rate services than FDD and is expected to be used in indoor environments and hot spots. There is a total bandwidth of 35 MHz for UMTS-TDD, and each carrier has a 5 MHz frequency band.
Bluetooth
Bluetooth was initially proposed as a cable replacement technology both as a simple personal area network (PAN) cable replacement technology and as a universal low cost wireless connection into both voice and data networks. Bluetooth is specifically designed for low power, low cost operation and will be built in as standard into PC, cellular telephones, printers, PDA's, fax machines, keyboards, joysticks and even electronic appliances.
Bluetooth operates in the 2.4GHz ISM frequency band and uses a fast frequency-hopping technique to minimize interference. A Bluetooth unit has a range of approximately 10 meters. Two or more Bluetooth units sharing the same channel form a piconet. Each piconet consists of a master unit and up to seven active slave units. Furthermore, two or more piconets can be interconnected to form a scatternet. This requires a unit, called an inter-piconet unit (gateway), to be a part of more than one piconet.
The Hybrid Architecture
An Integrated Scenario
We illustrate the proposed architecture as shown in Fig. 1 , using a hierarchical approach. At the top level, there is an UMTS terrestrial radio access network (UTRAN), which consists of a UMTS base station (BS) and UMTS UEs. In the scenario, UMTS UEs are hybrid devices that also have a Bluetooth interface. Therefore, the hybrid devices deal with interworking between UTRAN and Bluetooth networks at lower levels. At the second level, there are scatternets, each of which contains at least one hybrid device. Each scatternet consists of one or more piconets and piconets are inter-connected by a Bluetooth gateway. Note that the second level in Fig. 1 depicts only logical grouping of piconets in a scatternet, not the physical network. At the bottom level, there are piconets, each of which consists of one master and up to seven slave units.
The key element of the proposed architecture is the hybrid device. The hybrid device can operate simultaneously with both UMTS and Bluetooth interfaces. The routing layer of the hybrid device decides which interface packets are to be forwarded to. In Fig. 1 , a packet in a scatternet may be aggregated towards the hybrid device if the destination of the packet is outside the scatternet. The packet is then forwarded to the UMTS BS from the hybrid device.
Let us discuss an example topology of a part of a scatternet in Fig. 2 . This scatternet consists of 3X3 piconets where the hybrid device is located in the central Such a topology may be applied in many different scenarios. For instance, in an "Intelligent-Supermarket," a central server (it can be connected to any node in the Fig. 1 , say, the UMTS BS or a Bluetooth unit.) may contain information about each subscribed client -the usual grocery list, the kind of offers he/she may be interested in, his/her account information (e.g., credit card number). The server can inform the client about the products he/she is interested in, or advise him/her about "special offers." The messages may be displayed on the client's cell phone or palmtop. The master node in each piconet may correspond to the Bluetooth unit located at each category of products such as meat, vegetable, and so on.
Another possible application for such a topology may be a cafeteria, or a library, where wireless Internet access may be offered to customers through strategicallypositioned Bluetooth base stations, which may be wirelessly connected to a single Internet Access Point.
Numerical Results
We used GloMoSim [8] , a scalable simulation library, to develop both simulation models: Bluetooth model and UMTS model. We also integrated the two simulation models to a hybrid device of Bluetooth and UMTS.
The Bluetooth simulator implements the baseband and L2CAP layers according to the specifications [6] . In the experiments, the connection type used is ACL (Asynchronous Connectionless).
The UMTS simulator was developed according to the specifications [1]. In the simulations, we adopt turbo coding with 1/3 forward error correction (FEC) and the selective reject scheme for error control. A dynamic radio resource allocation algorithm [7] is used, as explained earlier. Dynamic allocation of radio resource is performed on a frame-by-frame basis and the amount of allocated resource is proportional to the queue length for each UMTS UE.
The Bluetooth-UMTS hybrid model integrates both the Bluetooth and UMTS models for a comprehensive indoor communication environment. Each hybrid unit has both the Bluetooth and the UMTS interfaces and its routing layer forwards a packet on the appropriate interface.
In the experiments, the routing protocol used is AODV [9] and each experiment is run for 400 seconds of simulation time. In each experiment, there are six Bluetooth devices (typically laptops, we will call these BT masters), which download files from the UMTS BS. We evaluate two different configurations -one in which each such Bluetooth device is connected to the UMTS BS through a hybrid device and another in which a single hybrid device may be used to connect more than one Bluetooth device to the UMTS BS. Each BT master is a slave in the piconet of the hybrid unit. Each BT master device (laptop) is also the master of its own piconet. We assume that each such piconet contains 4 slaves (we call these devices BT slaves). The traffic from these slaves to the master will typically be very low (mouse traffic etc), but will require strict delay guarantees (mouse may need to be polled with a short delay).
The traffic from the BT master devices is modeled as a file transfer over TCP. The size of the file to be transferred is 800Kbits. The time between generations of two such files is exponentially distributed with different values of the mean. This gives different values of the generated traffic. We assume that the BT slaves generate very low traffic. This traffic is modeled as DH1 polls given by the BT master to the BT slaves.
In the first configuration, there are 2 hybrid devices, each of which serves 3 BT masters. Each hybrid unit has a polling cycle of length = D Bluetooth slots. The hybrid unit uses a Limited Exhaustive Round Robin polling, in which a BT master is polled until it has packets to exchange, but not for more than X slots (where X <= D/3, since there are 3 BT masters per hybrid device). It is easy to see that D slots is also the maximum delay between consecutive polls of a BT slave. We experiment with different values of D and these values determine the maximum delay that the slaves can accept between consecutive polls. We consider three different values of D: 16 slots (X=5 slots), 160 slots (X = 53 slots), and 800 slots (X= 266 slots). Fig. 3 shows the total throughout of all the TCP connections versus the mean of the interval between successive file transfers. As the interval between file transfer increases, the system throughput decreases. Moreover, as D decreases, each Bluetooth device wastes its piconet bandwidth capacity more because it has to poll its slaves more frequently, causing a lower overall system throughput. In the case of D = 16 (X=5), the hybrid device polls each BT master with a DH3 packet in each polling cycle. Since a DH3 packet can give a maximum throughput of around 400Kbps, the two hybrid units together give a throughout of around 800Kbps. When D is higher (160 or 800), DH5 packets are exchanged and the throughput is higher. In the second configuration, there are six hybrid devices and six Bluetooth devices, so that each hybrid device needs to service only one Bluetooth device. The other parameters are the same as in the first configuration . Fig 4. shows the total throughput of all TCP connections versus the mean of the interval between FTP sessions. For values of D =160 or 800 slots, the performance is very similar to the first configuration. When D =16, the performance is higher in this configuration. Since each hybrid unit can contribute traffic of around 400 Kbps with a DH3 packet and the number of hybrid units is 6 (as opposed to 2 in the previous configuration), the throughput is higher. Thus, the bandwidth wasted for polling does not have a significant effect in this case.
Conclusions
In this paper, we presented a hybrid architecture of UMTS and Bluetooth that can provide a "one-architecture-fits-all" solution for any wireless communication environments. The key element of the architecture is the "hybrid device" equipped with both UMTS interface and Bluetooth interface. We illustrated the possible configuration of the hybrid architecture in indoor environments and presented the possible scenario of "intelligent supermarket," where the users can download the information from central server via the network of the proposed architecture. We evaluated the hybrid architecture by simulation experiments with varying number of Bluetooth devices per hybrid device. As the number of Bluetooth devices per hybrid device decreases, the polling frequency (with which Bluetooth device polls its own slave nodes) has less impact on the throughput of the overall system. 
